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1
AGE BASED FAST INSTRUCTION ISSUE

BACKGROUND OF THE INVENTION

The present invention relates generally to the field of pro-
cessor microarchitecture and more particularly to the sched-
uling and 1ssuing of instructions to execution units 1n a pro-
CEeSSOor.

A processor often fetches istructions from an 1nstruction
cache into an 1ssue unit (an 1ssue queue), from which the
instructions are 1ssued to one or more execution units for
execution. Instructions are 1ssued from an 1ssue queue, when
appropriate conditions are met, to execution units or to res-
ervation stations associated with the execution umnits. It 1s
often advantageous to 1ssue an instruction that has been 1n the
issue queue the longest (1.e., the oldest instruction in the
queue), out of all mstructions in the queue that are ready to
execute. It1s more likely that other instructions are waiting for
the data produced by the oldest instruction than for data
produced by a younger instruction in the 1ssue queue.

The logic 1n the 1ssue queue 1s often a critical path of the
logic in the processor, 1.e., the cycle time of the processor (and
therefore often its performance) may depend on the speed of
the 1ssue queue. Several factors influence the speed of an 1ssue
queue, e.g., the number and type of logic gates 1n 1ts critical
path and the physical distances between the gates, which 1s
influenced by the area consumed by 1ts logic and signal paths.
The area consumed by signal paths tends to spread logic out,
increasing the distance between logic gates, and causing sig-
nal paths to lengthen. The increase in the length of signal
paths increases the capacitance of the paths (potentially
increasing energy consumption) and increases the propaga-
tion delay between the logic gates, which can 1ncrease cycle
time and decrease performance. Issue queue structures that
are capable, area eflicient, and fast are an active area of
research and development.

SUMMARY

Aspects of an embodiment of the present invention dis-
close a method, program product, and system for selecting
and 1ssuing an oldest ready instruction 1in an 1ssue queue. The
method includes recerving, by one or more processors, one or
more 1nstructions 1nto one or more entries 1n an 1nstruction
table 1n an 1ssue queue. The method further mncludes 1denti-
tying, by one or more processors, instructions that are ready
to execute among the one or more mstructions in the mstruc-
tion table with a ready bus. The method further includes
representing, by one or more processors, an age of each of the
one or more instructions in the istruction table 1n a first age
array wherein an age of an instruction 1s an age that is relative
to each of the one or more 1nstructions in the first age array.
The method further includes generating, by one or more
processors, one or more subsets of the one or more 1nstruc-
tions that are associated 1n one-to-one correspondence with
one or more subset age arrays, wherein a subset age array
holds a representation of an age of up to 2 instructions in an
associated subset that 1s relative to each of the one or more
instructions in the associated subset. The method further
includes generating, by one or more processors, a first 1-hot
signal that identifies an oldest ready instruction with an age
represented in the first age array and 1dentified as ready on the
ready bus, and simultaneously generating with each subset
age array, an associated second 1-hot signal that identifies an
oldest ready instruction with an age that 1s represented 1n the
associated subset age array and 1s 1dentified as ready on the
ready bus. The method further includes selecting, by one or
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2

more processors, with each second 1-hot signal, a candidate
instruction in the 1ssue queue that 1s represented in the subset
age array that 1s associated with the second 1-hot signal,
wherein a candidate 1nstruction 1s an oldest ready instruction
represented in a subset age array. The method further includes
selecting, by one or more processors, a candidate mstruction

with the first 1-hot signal and 1ssuing the candidate instruc-
tion.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 depicts a block diagram of a multiprocessor com-
puting system, 1n accordance with an embodiment of the
present invention.

FIG. 2 depicts a block diagram of processor core_0 that 1s
depicted 1n FIG. 1, 1n accordance with an embodiment of the
present 1nvention.

FIG. 3 depicts a block diagram of execution slice_0 that 1s
depicted 1n FIG. 2, 1n accordance with an embodiment of the
present 1nvention.

FIG. 4 depicts a detail of the 1ssue queue that 1s depicted 1n
FIG. 3, 1n accordance with an embodiment of the present
invention.

FIG. 5 1s a flow chart that depicts the operation of the 1ssue
queue that 1s depicted 1n FIG. 4, in accordance with an
embodiment of the present invention.

FIG. 6 depicts a block diagram of a computer system that
incorporates the processor depicted in FIG. 1, 1n accordance
with an embodiment of the present invention.

DETAILED DESCRIPTION

Detalled embodiments of the present mvention are dis-
closed herein with reference to the accompanying drawings.
It 1s to be understood that the disclosed embodiments are
merely illustrative of potential embodiments of the present
invention and may take various forms. In addition, each of the
examples given 1n connection with the various embodiments
1s intended to be 1llustrative, and not restrictive. Further, the
figures are not necessarily to scale, some features may be
exaggerated to show details of particular components. There-
fore, specific structural and functional details disclosed
herein are not to be interpreted as limiting, but merely as a
representative basis for teaching one skilled in the art to
variously employ the present invention.

References 1n the specification to “one embodiment™, “an
embodiment”, “an example embodiment”™, etc., indicate that
the embodiment described may include a particular feature,
structure, or characteristic, but every embodiment may not
necessarily include the particular feature, structure, or char-
acteristic. Moreover, such phrases are not necessarily refer-
ring to the same embodiment. Further, when a particular
feature, structure, or characteristic 1s described 1n connection
with an embodiment, 1t 1s submitted that it 1s within the
knowledge of one skilled in the art to affect such feature,
structure, or characteristic i1n connection with other embodi-
ments whether or not explicitly described.

Embodiments of the present invention recognmize that the
performance ol a processor 1s oiten dependent 1n part on a
fast, efficient 1ssue queue and that speed and logic path bal-
ance (1.e., various paths through a logic have similar delays)
in logic 1s often obtained with parallelism.

FIG. 1 depicts multiprocessor computer 100 that, in some
scenarios and embodiments, contains processor A 101, pro-
cessor B 102, processor C 103, processor D 104, system

memory 105, storage 106, hard disk 107, and I/O 108. Pro-
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cessor A 101 1s a multicore processor that contains processor
core_0 109, processor core_1 110, and L2 cache 111. The
internal structures of processor B 102, processor C 103, and
processor D 104 are essentially similar to that of processor A
101. Processor A 101, processor B 102, processor C 103,
processor D 104 can compute separate independent jobs or
cooperatively compute independent pieces of one or more
10bs 1n parallel.

FI1G. 2 depicts processor core_0 109 1n more detail. In some
scenarios and embodiments, processor core_0 109 contains
instruction buffer 202, instruction buifer bus 206, dis-
patcher_0 203, and n other dispatchers (dispatcher 1 204
through dispatcher N 205). Processor core_0 109 also con-
tains dispatcher bus 207, execution slice_0 208, and n other
execution slices, execution slice_1 209 through execution
slice N 210. Processor core 0 109 also contains execution
slice bus 211, load/store_0 212, and n other load/store unaits
(load/store_1 213 through load/store N 214). Processor
core_0 also contains data cache 0 215, and n other data
caches (data cache_1 216 through data cache_N 217). Pro-
cessor core 0 also contains data cache bus 218, instruction
cache bus 219, and instruction cache 201. In an embodiment,
instruction bufler 202 fetches instructions from instruction
cache 201 for execution in processor core 109. Instruction
cache 201 fetches instructions from L2 cache 111 when an
access by 1nstruction buffer 202 misses 1n instruction cache
201.

In some scenarios and embodiments, instruction butfer 202
forwards 1nstructions to dispatcher 0 203, and n other dis-
patchers, dispatcher_1 204 through dispatcher N 205, over
instruction buffer bus 206. Dispatcher 0 203, and n other
dispatchers (dispatcher_1 204 through dispatcher N 205),
route instructions to execution slice 0208, and n other execu-
tion slices (execution slice_1 209 through execution slice N
210), over dispatcher bus 207. The instructions routed over
dispatcher bus 207 are executed 1n the execution slices. Dur-
ing their execution, the instructions can store and read data
from memory, which 1s stored and fetched by load/store_0
212, and n other load/store units (load/store_1 213 through
load/store_N 214). Load/store_0 212, and the n other load/
store units (1.e., load/store_1 213 through load/store_N 214),
are connected 1 one-to-one correspondence to data cache_0
215, and n other data caches (data cache_1 216 through data
cache N 217). For example, load/store_0 213 stores data to
and reads data from data cache_0 215, and load/store_1 213
stores data to and reads data from data cache 1 216. When
data1s requested by an execution slice and a miss occurs 1n the
corresponding data cache, L2 cache 111 1s accessed over data
cache bus 218.

FIG. 3 depicts execution slice_0 208 in more detail. The
internal structures of execution slices execution slice 1 209
through execution slice_N 210 are essentially similar to that
of execution slice 0 208. In an embodiment, execution
slice_0 208 contains registers 301, issue queue 302, and
execution units 303. Issue queue 302 contains instruction
table 304 and instruction selector 305. Registers 301 can
receive nstructions from dispatcher_0 203 and n other dis-
patchers (dispatcher_1 204 through dispatcher N 205), over
dispatcher bus 207. Registers 301 provides operand source
data to the instructions when registers 301 has the data and
maps the source of operands 1n the nstructions to other oper-
and sources when operands are not immediately available 1n
registers 301. Registers 301 forwards the instructions that it
receives over register bus 307 to instruction table 304 1n 1ssue
queue 302.

In an embodiment, instruction table 304 determines which
instructions that 1t holds are ready for execution. In an
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4

embodiment, instruction table 304 contains 12 instructions,
but one skilled 1n the art knows that instruction table 304 can
be constructed to contain any number of instructions. An
instruction 1s ready for execution when the instruction has
access to all the source operands that the 1nstruction requires
to execute (1.e., all data that are mputs to the instruction).
Instruction table 304 informs instruction selector 305 as to
which instructions in the 12 mnstructions that 1t can contain are
ready to execute by asserting a value of TRUE on one or more
of the 12 bits that comprise ready bus 403. Instruction selector
305 selects the oldest ready instruction 1n instruction table
304 (1.e., the instruction that 1s ready for execution and has
been 1n 1struction table 304 for the longest time relative to
other ready instructions) and sends the 1nstruction to execu-
tion units 303 for execution. Execution units 303 executes an
instruction that 1s recerved from 1ssue queue 302 and places
data that 1s the result of the execution of the nstruction on
execution slice bus 211.

FIG. 4 depicts 1ssue queue 302, instruction selector 305,
and instruction table 304 1n more detail. In some scenarios
and embodiments, instruction selector 3035 contains global
age array 404 and micro age arrays 401. Instruction selector
305 uses global age array 404 and micro age arrays to track
the age of instructions in mnstruction table 304 and to select the
oldest ready instruction in instruction table 304. In an
embodiment, global age array 404 tracks the relative ages of
all the nstructions in instruction table 304, and micro age
arrays 401 tracks the relative ages of instructions 1n pairs of
entries 1n istruction table 304. In an embodiment, 1nstruction
table 304 contains twelve entries (e.g., entry E0 412 and entry
E11 414) and each entry can contain one instruction. There-
fore global age array 404 tracks the relative age of up to 12
instructions 1n mnstruction table 304 and micro age arrays 401
tracks the relative age of up to two mstructions 1n each of six
pairs of entries 1n instruction table 304. One skilled 1n the art
knows that the relative age of any number of instructions can
be tracked 1n like manner.

In some scenarios and embodiments, instruction table 304
determines which of the instructions that 1t contains are ready
for execution, 1.e., 1t 1dentifies those instructions that cur-
rently have access to their operands. In an embodiment,
instruction table 304 represents the ready state of an instruc-
tion 1n an entry with a bit associated with the entry, one bit per
entry, on ready bus 403. In an embodiment, a bit with a value
of TRUE onready bus 403 signals that the associated entry 1n
instruction table 304 holds an instruction that 1s ready for
execution. Multiple instructions 1n nstruction table 304 can
be ready at any given time; therefore instruction table 304 can
assert multiple TRUE bits simultaneously on ready bus 403.

In some scenarios and embodiments, instruction selector
303 tracks the relative ages of all the instructions 1n mstruc-
tion table 304 with two separate tracking logics that operate
concurrently, a first tracking logic and a second tracking
logic. The first tracking logic tracks the relative ages of up to
6 pairs of mstructions istruction table 304, where each pair
ol instructions 1s 1n a pair of entries called an entry subset, and
selects the oldest ready instruction (called a candidate
instruction) 1n each entry subset. A candidate instruction 1s
the older of up to two ready instructions 1n an entry subset.
The second tracking logic tracks the relative ages of all
instructions in instruction table 304 and selects the oldest
candidate instruction from the up to six candidate instructions
that are selected by the first tracking logic. Embodiments of
the present invention recognize that performing two mnstruc-
tion selections concurrently (with the first tracking logic and
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the second tracking logic) decreases the time required to
select and route an oldest ready 1nstruction 1n instruction table
304 to execution units 203.

The first tracking logic 1s comprised of micro age arrays
401 and si1x 2:1 routing multiplexers, e.g., 2:1 routing multi-
plexer 411 and 2:1 routing multiplexer 416. The first tracking
logic selects and routes up to six candidate instructions from
s1X entry subsets 1n 1nstruction table 304 to final selection
multiplexer 408, which 1s controlled by the second tracking,
logic. An entry subset 1s comprised of two entries 1n mstruc-
tion table 304 whose contents are tracked by a single micro
age array 1n micro age arrays 401. For example, micro age
array 409 tracks the relative ages of instructions in an entry
subset comprised of entry EQ 412 and entry E1 413.

Sometimes an entry subset does not contain a candidate
instruction, as istructions become ready to execute and are
iserted 1mto and 1ssued from instruction table 304 according
to the data dependencies and nature of the code being
executed 1n execution slice 0 208. Therefore, at most one
candidate instruction 1s selected from each entry subset by
cach of s1x micro age arrays 1n micro age arrays 401.

In an embodiment, 11 neither entry 1n an entry subset that 1s
tracked by a micro age array contains a candidate instruction
(1.e., at least one instruction that 1s ready to execute), the
micro age array selects the contents of the even numbered
instruction table entry 1n the entry subset (with the 2:1 routing
multiplexer that 1s controlled by the micro age array). For
example, micro age array 409 selects entry E0 412 with 2:1
routing multiplexer 411 1t neither entry E0 412 nor entry E1
413 contain a candidate instruction. While erroneous data can
be selected and routed to final selection multiplexer 408 by
default, this erroneous data 1s not selected by final selection
multiplexer 408, which 1s controlled by the second tracking,
logic. The second tracking logic ensures that the final candi-
date instruction selected by final selection multiplexer 408 for
routing to execution units 203 1s a valid candidate istruction.
All micro age arrays in micro age arrays 401 operate 1 an
essentially similar manner as micro age array 409 operates.

In some scenarios and embodiments, a micro age array in
micro age arrays 401 selects a content of one of the two entries
in an entry subset by asserting a logic TRUE or FALSE on a
1 -bit micro select bus that 1s connected to the micro age array.
Each 1-bit micro select bus 1s the select input to a 2:1 routing
multiplexer that selects the content of an entry 1n an entry
subset. Each of the six 2:1 routing multiplexers routes the
contents of an entry in an entry subset that contains a candi-
date instruction to an input on final selection multiplexer 408.
For example, micro age array 409 asserts a TRUE or a FALSE
logic level on 1-bitmicro select bus micro select A 410, which
controls 2:1 routing multiplexer 411. In an embodiment,
micro age array 409 asserts a TRUE on bus micro select A 410
to select the content of entry EQ0 412 and FALSE on micro
select A 410 to select the content of entry E1 413. The selected
content 1s asserted on candidate bus 407, which 1s an input to
final selection multiplexer 408.

In some scenarios and embodiments, instruction table 304
generates ready bus 403, which 1s a 12-bit bus that has one bit
associated with each entry in mstruction table 304 1n one-to-
one correspondence. In an embodiment, ready bus 403 speci-
fles an entry 1n 1struction table 304 that contains an mnstruc-
tion that 1s ready to execute by asserting a TRUE logic level on
the bit that 1s associated with the entry. Multiple bits on ready
bus 403 can be TRUE concurrently because a plurality of
instructions 1n instruction table 304 can be ready to execute.
While a plurality of instructions can be ready to execute, only
one of the ready instructions 1n instruction table 304 is the
oldest ready 1nstruction.
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In an embodiment, each micro age array in micro age
arrays 401 monitors the 2-bits on ready bus 403 that are
associated with the two entries whose contents 1t tracks. A
micro age array monitors the 2-bits that are associated with
the entries 1n the entry subset that the micro age array tracks.
For example, micro age array 409 tracks the relative age of an
instruction that can be 1n entry E0 412 or in entry E1 413.
Therefore micro age array 409 monitors bit 0 and bit 1 on
ready bus 403 to determine if there are ready instructions in
corresponding entries entry E0 412 and/or entry E1 413.

In some scenarios and embodiments, the second tracking
logic 1s comprised of global age array 404, global select
generation 415, and 6:1 final selection multiplexer 408. The
second tracking logic selects the oldest ready mstruction from
the up to s1x candidate instructions that are routed to inputs on
6:1 final selection multiplexer 408 by micro age arrays 401.
Global age array 404 monitors ready bus 403 to determine
which entries in 1nstruction table 304 contain an 1nstruction
that 1s ready to execute. Global age array 404 tracks the
relative ages of all 12 instructions 1n nstruction table 304 and
identifies the oldest ready instruction of the 12 instructions 1n
instruction table 304 by asserting a TRUE logic level on 1-bit
in 12-bit address bus 405. The 12-bits on address bus 4035 are
associated with the contents of the 12 entries 1n instruction
table 304 1n a one-to-one correspondence. Address bus 405 1s
called a 1-hot bus because one and only one bit on the bus can
have a value of TRUE at any time. A bit on address bus 405
with a value of TRUE indicates that the entry 1n instruction
table 304 that 1s associated with the bit contains the oldest
ready 1nstruction in instruction table 304. The contents of
address bus 405 are processed by logic in global select gen-
cration 415 to generate at most one bit on global select bus
406 that indicates an entry subset in instruction table 304 that
contains the oldest ready instruction 1n mstruction table 304.

In an embodiment, the position of a TRUE bit on global
select bus 406 designates an entry subset that contains the
oldest ready 1nstruction 1n instruction table 304. Global select
bus 406 1s a 1-hot bus that 1s 6-bits wide. Each bit on global
select bus 406 15 generated by ORing a pair of bits on address
bus 405 that are associated with a pair of entries 1n an entry
subset. Therefore 11 either of the two entries in the entry subset
contain the oldest ready instruction in instruction table 304,
the bit on global bus 406 that 1s associated with the entry
subset will be TRUE. Only one bit on global select bus 406
can be TRUE at any time. Global select bus 406 selects at
most one candidate mstruction on an input to final selection
multiplexer 408 for 1ssue to execution units 203.

For example, if an istruction in entry E0Q 412 1s the oldest
ready instruction in instruction table 304, global age array
404 asserts a TRUE on bit-0 of address bus 405 which 1s
applied to an mnput of 2-input OR gate 417. A TRUE on either
iput to 2-mput OR gate 417 causes 1ts output to be TRUE,
1.€., the global select(0) 418 bit becomes TRUE. A TRUE on
global select(0) 418 indicates that the oldest ready 1nstruction
in struction table 304 1s either 1n entry EQ 412 or 1n entry Fl
413 and causes final selection multiplexer 408 to select the
candidate 1nstruction on candidate bus 407 to 1ssue to execu-
tion units 203.

Therefore micro age arrays 401 1n the first tracking logic 1s
used to select and route up to six candidate instructions (1.¢.,
the oldest ready 1nstruction in each of six pairs of instructions)
and global age array 404 1n the second tracking logic 1s used
to select the candidate instruction from the six candidate
instructions that i1s the oldest ready instruction of all the
instructions in instruction table 304 for 1ssue to execution
units 203. Embodiments of the present invention recognize
that performing two 1nstruction selections concurrently (with
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the first tracking logic and the second tracking logic)
decreases the time required to select and route an oldest ready
instruction in nstruction table 304 to execution units 203.
FIG. 5 1s a flow chart that depicts operations performed by
1ssue queue 302. The contents of instruction table 304 are
stable, 1nstructions in instruction table 304 that are ready to
execute are 1dentified, and ready bus 403 1s stable (step 502).
Global age array 404 determines the oldest ready 1nstruction
in instruction table 304 (step 504). Global age array 404
identifies an entry that holds the oldest ready instruction 1n
instruction table 304 by asserting the associated TRUE bit on
address bus 405 (step 506). Global select generation 415

generates the address of the entry subset 1n 1nstruction table
304 that holds the oldest ready 1nstruction 1n 1nstruction table
304 by asserting a TRUE bit on global select bus 406 (step
508). Concurrently with operations 1n steps 504, 506, and
508, micro age arrays 401 determines the oldest ready
instruction i each entry subset 1n instruction table 304 (step
510). Concurrently with operations 1n steps 504, 506, and
508, micro age arrays 401 generates six micro selects (step
512). Concurrently with operations 1n steps 504, 506, and
508, the s1x micro selects select up to six candidate mstruc-
tions from entries 1n mstruction table 304 (step 514). Global
select bus 406 selects the oldest candidate instruction with
final selection multiplexer 408 (step 516). The oldest candi-
date instruction 1s 1ssued to execution units 518 (step 518).
The operation of 1ssue queue 302 terminates (step 520).

FIG. 6 depicts computer system 600 that 1s an example
computer system that incorporates processor 101, a compo-
nent of multiprocessor computer 100 that includes processor
core_0 109, processor core_1 110, and cache 111. Computer
system 600 1includes commumnications fabric 602, which pro-
vides communications between computer processor 101,
memory 606, persistent storage 608, communications unit
610, and mput/output (110) mnterface(s) 612. Communica-
tions fabric 602 can be implemented with any architecture
designed for passing data and/or control information between
processors (such as microprocessors, communications and
network processors, etc.), system memory, peripheral
devices, and any other hardware components within a system.
For example, communications fabric 602 can be imple-
mented with one or more buses.

Memory 606 and persistent storage 608 are computer read-
able storage media. In this embodiment, memory 606
includes random access memory. In general, memory 606 can
include any suitable volatile or non-volatile computer read-
able storage media. Cache 616 1s a fast memory that enhances
the performance of processors 101 by holding recently
accessed data and data near accessed data from memory 606.

Program 1nstructions and data used to practice embodi-
ments of the present invention may be stored 1n persistent
storage 608 for execution by one or more of the respective
processors 604 via cache 616 and one or more memories of
memory 606. In an embodiment, persistent storage 608
includes a magnetic hard disk drive.

Alternatively, or 1n addition to a magnetic hard disk drive,
persistent storage 608 can include a solid state hard drive, a
semiconductor storage device, read-only memory (ROM),
crasable programmable read-only memory (EPROM), flash
memory, or any other computer readable storage media that 1s
capable of storing program instructions or digital informa-
tion.

The media used by persistent storage 608 may also be
removable. For example, a removable hard drive may be used
for persistent storage 608. Other examples include optical and
magnetic disks, thumb drives, and smart cards that are
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inserted 1nto a drive for transfer onto another computer read-
able storage medium that 1s also part of persistent storage 608.

Communications unit 610, 1n these examples, provides for
communications with other data processing systems or
devices. In these examples, communications unit 610
includes one or more network interface cards. Communica-
tions unit 610 may provide communications through the use
of either or both physical and wireless communications links.
Program 1nstructions and data used to practice embodiments
of the present mvention may be downloaded to persistent
storage 608 through communications unit 610.

I/0 1interface(s) 612 allows for input and output of data with
other devices that may be connected to each computer sys-
tem. For example, I/O mterface 612 may provide a connec-
tion to external devices 618 such as a keyboard, keypad, a
touch screen, and/or some other suitable input device. Exter-
nal devices 618 can also include portable computer readable
storage media such as, for example, thumb drives, portable
optical or magnetic disks, and memory cards. Software and
data used to practice embodiments of the present invention
can be stored on such portable computer readable storage
media and can be loaded onto persistent storage 608 via I/O
interface(s) 612. I/O mterface(s) 612 also connect to a display
620.

Display 620 provides a mechanism to display data to a user
and may be, for example, a computer monitor.

The programs described herein are 1dentified based upon
the application for which they are implemented 1n a specific
embodiment of the invention. However, 1t should be appreci-
ated that any particular program nomenclature herein 1s used
merely for convenience, and thus the mvention should not be
limited to use solely 1n any specific application 1dentified
and/or implied by such nomenclature.

The present invention may be a system, a method, and/or a
computer program product. The computer program product
may iclude a computer readable storage medium (or media)
having computer readable program instructions thereon for
causing a processor to carry out aspects of the present mnven-
tion.

The computer readable storage medium can be a tangible
device that can retain and store instructions for use by an
instruction execution device. The computer readable storage
medium may be, for example, but 1s not limited to, an elec-
tronic storage device, a magnetic storage device, an optical
storage device, an electromagnetic storage device, a semicon-
ductor storage device, or any suitable combination of the
foregoing. A non-exhaustive list of more specific examples of
the computer readable storage medium includes the follow-
ing: a portable computer diskette, a hard disk, a random
access memory (RAM), aread-only memory (ROM), an eras-
able programmable read-only memory (EPROM or Flash
memory), a static random access memory (SRAM), a por-
table compact disc read-only memory (CD-ROM), a digital
versatile disk (DVD), a memory stick, a floppy disk, a
mechanically encoded device such as punch-cards or raised
structures 1in a groove having instructions recorded thereon,
and any suitable combination of the foregoing. A computer
readable storage medium, as used herein, 1s not to be con-
strued as being transitory signals per se, such as radio waves
or other freely propagating electromagnetic waves, electro-
magnetic waves propagating through a waveguide or other
transmission media (e.g., light pulses passing through a fiber-
optic cable), or electrical signals transmitted through a wire.

Computer readable program 1nstructions described herein
can be downloaded to respective computing/processing
devices from a computer readable storage medium or to an
external computer or external storage device via a network,
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for example, the Internet, a local area network, a wide area
network and/or a wireless network. The network may com-
prise copper transmission cables, optical transmission fibers,
wireless transmission, routers, firewalls, switches, gateway
computers and/or edge servers. A network adapter card or
network interface 1 each computing/processing device
receives computer readable program instructions from the
network and forwards the computer readable program
istructions for storage i a computer readable storage
medium within the respective computing/processing device.

Computer readable program instructions for carrying out
operations of the present invention may be assembler istruc-
tions, 1instruction-set-architecture (ISA) 1instructions,
machine i1nstructions, machine dependent instructions,
microcode, firmware 1nstructions, state-setting data, or either
source code or object code written 1n any combination of one
or more programming languages, including an object ori-
ented programming language such as Smalltalk, C++ or the
like, and conventional procedural programming languages,
such as the “C” programming language or similar program-
ming languages. The computer readable program instructions
may execute entirely on the user’s computer, partly on the
user’s computer, as a stand-alone software package, partly on
the user’s computer and partly on a remote computer or
entirely on the remote computer or server. In the latter sce-
nario, the remote computer may be connected to the user’s
computer through any type of network, including a local area
network (LLAN) or a wide area network (WAN), or the con-
nection may be made to an external computer (for example,
through the Internet using an Internet Service Provider). In
some embodiments, electronic circuitry including, for
example, programmable logic circuitry, field-programmable
gate arrays (FPGA), or programmable logic arrays (PLA)
may execute the computer readable program instructions by
utilizing state information of the computer readable program
instructions to personalize the electronic circuitry, 1n order to
perform aspects of the present invention.

Aspects of the present invention are described herein with
reference to flowchart 1llustrations and/or block diagrams of
methods, apparatus (systems), and computer program prod-
ucts according to embodiments of the mvention. It will be
understood that each block of the tlowchart i1llustrations and/
or block diagrams, and combinations of blocks 1n the tlow-
chart illustrations and/or block diagrams, can be imple-
mented by computer readable program 1nstructions.

These computer readable program instructions may be pro-
vided to a processor ol a general purpose computer, special
purpose computer, or other programmable data processing,
apparatus to produce a machine, such that the instructions,
which execute via the processor of the computer or other
programmable data processing apparatus, create means for
implementing the functions/acts specified in the flowchart
and/or block diagram block or blocks. These computer read-
able program instructions may also be stored 1n a computer
readable storage medium that can direct a computer, a pro-
grammable data processing apparatus, and/or other devices to
function 1n a particular manner, such that the computer read-
able storage medium having mstructions stored therein com-
prises an article of manufacture including instructions which
implement aspects of the function/act specified in the flow-
chart and/or block diagram block or blocks.

The computer readable program 1nstructions may also be
loaded onto a computer, other programmable data processing
apparatus, or other device to cause a series of operational
steps to be performed on the computer, other programmable
apparatus or other device to produce a computer implemented
process, such that the instructions which execute on the com-
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puter, other programmable apparatus, or other device imple-
ment the functions/acts specified in the flowchart and/or
block diagram block or blocks.

The flowchart and block diagrams 1n the Figures illustrate
the architecture, functionality, and operation ol possible
implementations of systems, methods, and computer pro-
gram products according to various embodiments of the
present invention. In this regard, each block in the flowchart
or block diagrams may represent a module, segment, or por-
tion of istructions, which comprises one or more executable
istructions for implementing the specified logical function
(s). In some alternative implementations, the functions noted
in the block may occur out of the order noted 1n the figures.
For example, two blocks shown 1n succession may, 1n fact, be
executed substantially concurrently, or the blocks may some-
times be executed 1n the reverse order, depending upon the
functionality involved. It will also be noted that each block of
the block diagrams and/or tflowchart illustration, and combi-
nations of blocks in the block diagrams and/or flowchart
illustration, can be implemented by special purpose hard-
ware-based systems that perform the specified functions or
acts or carry out combinations of special purpose hardware
and computer mstructions.

The descriptions of the various embodiments of the present
invention have been presented for purposes of 1llustration, but
are not intended to be exhaustive or limited to the embodi-
ments disclosed. Many modifications and variations will be
apparent to those of ordinary skill in the art without departing
from the scope and spirit of the invention. The terminology
used herein was chosen to best explain the principles of the
embodiment, the practical application or technical improve-
ment over technologies found 1n the marketplace, or to enable
others of ordinary skill 1n the art to understand the embodi-
ments disclosed herein.

The terminology used herein 1s for the purpose of describ-
ing particular embodiments only and 1s not intended to be
limiting of the present invention. As used herein, the singular
forms ““a”, “an’ and “the” are intended to include the plural
forms as well, unless the context clearly indicates otherwise.

Each respective figure, in addition to 1llustrating methods
of and functionality of the present invention at various stages,
also 1llustrates the logic of the method as implemented, 1n
whole or 1n part, by one or more devices and structures. Such
devices and structures are configured to (i.e., include one or
more components, such as resistors, capacitors, transistors
and the like that are connected to enable the performing of a
process) implement the method of merging one or more non-
transactional stores and one or more thread-specific transac-
tional stores into one or more cache line templates 1n a store
builer 1n a store cache. In other words, one or more computer
hardware devices can be created that are configured to imple-
ment the method and processes described herein with refer-
ence to the Figures and their corresponding descriptions.

The descriptions of the various embodiments of the present
invention have been presented for purposes of 1llustration, but
are not intended to be exhaustive or limited to the embodi-
ments disclosed. Many modifications and variations will be
apparent to those of ordinary skill in the art without departing
from the scope and spirit of the described embodiments. The
terminology used herein was chosen to best explain the prin-
ciples of the embodiment, the practical application or techni-
cal improvement over technologies found in the marketplace,
or to enable other of ordinary skill 1n the art to understand the
embodiments disclosed herein.

Embodiments of the present invention may be used 1n a
variety of electronic applications, including but not limited to
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advanced sensors, memory/data storage, semiconductors,
microprocessors and other applications.

A resulting device and structure, such as an integrated
circuit (IC) chip can be distributed by the fabricator in raw
waler form (that1s, as a single water that has multiple unpack-
aged chips), as a bare die, or 1n a packaged form. In the latter
case the chip 1s mounted 1n a single chip package (such as a
plastic carrier, with leads that are aflixed to a motherboard or
other higher level carrier) or 1n a multichip package (such as
a ceramic carrier that has either or both surface interconnec-
tions or buried interconnections). In any case the chip 1s then
integrated with other chips, discrete circuit elements, and/or
other signal processing devices as part of either (a) an inter-
mediate product, such as a motherboard, or (b) an end prod-
uct. The end product can be any product that includes inte-
grated circuit chips, ranging from toys and other low-end
applications to advanced computer products having a display,
a keyboard or other input device, and a central processor.

The corresponding structures, matenals, acts, and equiva-
lents of all means or step plus function elements in the claims
below are intended to include any structure, material, or act
for performing the function i combination with other
claimed elements as specifically claimed. The description of
the present mvention has been presented for purposes of
illustration and description, but 1s not intended to be exhaus-
tive or limited to the invention 1n the form disclosed. Many
modifications and variations will be apparent to those of
ordinary skill 1n the art without departing from the scope and
spirit of the invention. The embodiment was chosen and
described 1n order to best explain the principles of the mven-
tion and the practical application, and to enable others of
ordinary skill in the art to understand the invention for various
embodiments with various modifications as are suited to the
particular use contemplated.

While the invention has been described 1n detail in connec-
tion with only a limited number of embodiments, it should be
readily understood that the invention 1s not limited to such
disclosed embodiments. Rather, the invention can be modi-
fied to incorporate any number of variations, alterations, sub-
stitutions or equivalent arrangements not heretofore
described, but which are commensurate with the spirit and
scope of the mvention. Additionally, while various embodi-
ments of the invention have been described, 1t 1s to be under-
stood that aspects of the invention may be included by only
some of the described embodiments. Accordingly, the inven-
tion 1s not to be seen as limited by the foregoing description.
A reference to an element 1n the singular 1s not intended to
mean “one and only one” unless specifically stated, but rather
“one or more.” All structural and functional equivalents to the
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clements of the various embodiments described throughout
this disclosure that are known or later come to be known to
those of ordinary skill 1in the art are expressly incorporated
herein by reference and intended to be encompassed by the
invention. It is therefore to be understood that changes may be
made 1n the particular embodiments disclosed which are
within the scope of the present invention as outlined by the
appended claims.

What 1s claimed 1s:
1. A method for selecting and 1ssuing an oldest ready
instruction 1n an 1ssue queue, the method comprising:

receving, by one or more processors, one or more mnstruc-
tions 1nto one or more entries 1n an instruction table in an
1Ssue queue;

identifying, by one or more processors, istructions that
are ready to execute among the one or more 1nstructions
in the instruction table with a ready bus;

representing, by one or more processors, an age of each of
the one or more 1nstructions 1n the struction table 1n a
first age array wherein an age of an instruction 1s an age
that 1s relative to each of the one or more instructions in
the first age array;

generating, by one or more processors, one or more subsets
of the one or more instructions that are associated 1n
one-to-one correspondence with one or more subset age
arrays, wherein a subset age array holds a representation
of an age of up to 2 istructions 1n an associated subset
that 1s relative to each of the one or more instructions in
the associated subset;

generating simultaneously, by one or more processors, 1) a
first 1-hot signal that identifies an oldest ready instruc-
tion with an age represented in the first age array and 1s
identified as ready on the ready bus, and 11) an associated
second 1-hot signal that identifies an oldest ready
istruction with an age that 1s represented in the associ-
ated subset age array with each subset age array and 1s
identified as ready on the ready bus;

selecting, by one or more processors, with each second
1-hot signal, a candidate instruction in the 1ssue queue
that 1s represented 1n the subset age array that 1s associ-
ated with the second 1-hot signal, wherein a candidate
instruction 1s an oldest ready 1nstruction represented in a
subset age array;

selecting, by one or more processors, a candidate 1nstruc-
tion with the first 1-hot signal; and

1ssuing, by one or more processors, the candidate instruc-
tion with the first 1-hot signal.
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